Abstract. Nothofagus pumilio (Poepp. et Endl.) Krasser is a broadleaved deciduous tree that dominates high-elevation forests in the southern Andes. We evaluated the degree to which differences in stomatal density and physiological traits (net assimilation, conductance and water use efficiency) were related to environmental and genetic influences with elevation by comparing plants growing under field and common garden conditions. Low-elevation leaves under field conditions had fewer stomata, although this pattern was not maintained in the common garden. Assimilation rates were >40% higher for high-elevation plants in the field, and 18% higher in the common garden, than those for low-elevation plants. In addition, under field conditions high-elevation plants tended to have higher stomatal conductance and lower instantaneous water use efficiency than did low-elevation plants; however, these differences were not significant in the common garden. Thus, assimilation seems to be under genetic control whereas ecophysiological traits related to the use of water appear to be more responsive to environmental cues. Our results suggest that plants growing along elevational gradients may show complex ecophysiological patterns. These patterns may be acquired by genetically driven responses to conditions that are fixed throughout the life span of individuals, such as soil nutrients. Also plastic adjustments may favour opportunistic use of available water during the dry season, particularly under Mediterranean-type climate regimes with summer drought.
Introduction
Changing physical factors along elevational gradients, such as temperature, leaf-to-air-vapour density gradient, solar radiation, wind exposure and soil characteristics, induces many visible changes in the composition of plant communities and in the growth habit of individual plants (e.g. Billings and Mooney 1968; Jones 1992; Larcher 1995) . These different environmental conditions eventually lead to one of the sharpest shifts in plant dominance at treeline, from forests to shrubland and herbaceous vegetation, often over short distances (Köerner 1999; Cuevas 2000) .
However, inter-and intraspecific patterns at contrasting elevations can be difficult to predict, in part because of the complexity of the physical conditions and the range of biological responses associated with them. For example, studies comparing photosynthetic responses of low-and highelevation plants reported lower assimilation rates in highelevation than in low-elevation plants (e.g. Pisek and Winkler 1958; Slayter and Morrow 1977; Tranquillini and Havranek 1985; Cabrera et al. 1998; Kao and Chang 2001) . The opposite trend also has been observed where plants from high elevations have photosynthetic rates higher than those of their lowland counterparts (e.g. herbaceous plants of the Austrian Alps; Köerner and Diemer 1987) . Similar results have been found for Picea abies (L.) Karst. seedlings in common glasshouse trials (Oleksyn et al. 1998 ) and for Nothofagus cunninghamii (Hook.) Oerst. cuttings from two different elevations (Hovenden and Brodribb 2000) . However, these photosynthetic responses with elevation may have no strong association with morphological traits related to CO 2 uptake, such as stomatal density (Jones 1992) . Whereas conductance may increase with elevation, owing to smaller humidity deficits (Köerner and Mayr 1981) or to greater carboxylation efficiency because of the reduced CO 2 concentration partial pressure at higher elevations (Zhang et al. 1993) , reports on stomatal characteristics are inconsistent. For example, some studies report a tendency for higher stomatal density with elevation (Woodward 1987) . Others indicate fewer stomata at high elevations (e.g. Schoettle and Rochelle 2000) , or no changes in stomatal density (Köerner et al. 1989) . Although the pattern and frequency of stomata on any leaf surface are under tight genetic control, they may be modified by environmental parameters.
The objective of the present study was to analyse genetic (long-term) v. acclimative (plastic short-term) responses of ecophysiological traits on plants from contrasting elevations growing in a common garden and under natural field conditions. This work complements other studies linking plant morphology and function, to better understand patterns of variation resulting from restricted gene flow and divergent selective forces along elevational gradients. An ideal species for exploring environmentally driven (plastic) responses compared with genetically fixed variation in ecophysiological traits at contrasting elevations is the southern beech, Nothofagus pumilio (Poepp. et Endl.) Krasser. N. pumilio is a winter-deciduous tree that produces extensive pure forest stands along elevational gradients from ∼1000 to 1600 m above sea level in northwestern Patagonia. Variable physical conditions characterise N. pumilio forests along these gradients, including decreases in soil temperature and the period with frost-free soils, as well as increased total annual precipitation and percentage of snowfall at high elevation (Barrera et al. 2000) . These physical factors exert differential selection pressures which, in combination with phenological barriers that reproductively isolate nearby populations, result in marked genetic differences (Premoli 2003) . Also, on the basis of common garden studies of saplings from different elevations, plant architecture and leaf morphology are tightly linked and differ significantly, suggesting genetic control. Plants from high elevations tend to have lower stature, wider branching angles, greater branching ratios (number of branches/number of internodes) and smaller leaves than lowelevation plants. Compact growth at high elevation may be related to strong winds and irradiance (Premoli et al. 2007 ). Yet, the genetic basis of ecophysiological characteristics with elevation has not yet been investigated.
The present study was conducted in northern Patagonia, an area with a Mediterranean-type climate characterised by summer drought and unpredictable rainfall during the growing season. N. pumilio is found predominantly on Andisol soils. These soils are mainly derived from volcanic ash (Singer and Morello 1960; Veblen and Ashton 1979) and have a high capacity to retain P and to stabilise organic matter, which often leads N and P deficiencies (Mazzarino et al. 1998) . As a result, N. pumilio individuals, particularly those growing near timberline, exhibit characteristics expected in plants living under mineral-poor conditions, i.e. dwarf stature, small sclerophyllous leaves (Larcher 1995) . Consequently, physiological characteristics of N. pumilio along an elevational gradient would be expected to reflect the variability in these soil-nutrient environments.
In the present study, we used field data from adult trees in combination with a common garden experiment on seedlings representing the extremes of the 400-m elevational gradient. We hypothesised that responses for characteristics related to environmental variables were likely to be constant during the life cycle of N. pumilio individuals (e.g. soil nutrient conditions) and would be genetically fixed. In contrast, the traits affected by unpredictable physical variables (e.g. water availability) would be driven by plasticity. Moreover, we predicted that any observed differences in ecophysiological traits between plants from contrasting elevations would suggest genetic differences, particularly when measured on common garden plants, whereas similar responses (i.e. lack of significant differences) would be indicative of the influence of environmental conditions. To test this hypothesis, we used data on stomatal density and the physiological attributes of net photosynthesis (A max ), stomatal conductance (g) and instantaneous water use efficiency (WUE, calculated as CO 2 assimilated/H 2 O transpired).
Materials and methods

Field sites and common garden experiment
Populations at elevational extremes of the lower and upper distributional range of N. pumilio were chosen. This sampling design follows results from a genetic analysis of N. pumilio populations along elevational gradients that indicated significant isozyme differences between populations located at elevational extremes, which were also genetically alike if located within a similar elevational belt on different mountain ranges (Premoli 2003) .
To analyse environmental effects on ecophysiological traits, we compared adult plants under field conditions from different elevations, whereas genetic effects were analysed on seedlings grown in a common garden. Given that the present study was designed to compare low-with high-elevation plants, the unavoidable methodological limitations of this design related to age differences between adult plants in the field and common garden seedlings were minimised by limiting analyses to between-treatment (low and high elevation) comparisons within each set of plants (field and common garden). Moreover, we used only mature, fully expanded leaves of seedlings that were morphologically similar to those observed and measured on adult trees. Likewise, we compensated for potential environmental differences by making all measurements of lowand high-elevation plants within each growing condition (field or common garden) during the same day.
Five mature trees from two populations in Challhuaco Valley (41
• 15 S, 71
• 18 W; elevations 1100 and 1540 m) were randomly selected for measurements. Source areas for common garden-grown plants were two populations at each of three locations from three mountain ranges where genetic studies had already been conducted, namely Challhuaco Valley, Cerro Otto (41
• 08 S, and 71
• 21 W; elevations 1120 and 1400 m) and Cerro López (41
• 06 S, 71
• 33 W; elevations 1250 and 1620 m). For the common garden experiment we harvested seedlings of similar size from each of these locations, most of which had recently germinated under natural conditions during the austral spring (October-December). Collection of N. pumilio seedlings instead of seeds avoided the limitation of low germination rates under experimental conditions (Premoli 2004; Premoli et al. 2007) . Seedlings were collected in trays containing their own soil to avoid transplantation stress. In the greenhouse, plants were separated from soil, their roots were washed and seedlings were individually transplanted into 1-L containers in a substrate consisting of a mixture of peat and their native forest soil. Seedlings were grown in a randomised arrangement in an open space in the vicinity of Universidad Nacional del Comahue, Bariloche, at 876 m above sea level, 30 km from seedling source sites. Plants were watered, fertilised and rotated regularly to minimise confounding environmental effects. Each year plants were repotted into larger containers. Seedlings were maintained under conditions typical of understory N. pumilio forests (PAR ∼700 µmol m −2 s −1 at solar noon). At the time of measurement, common garden-grown plants were at least 27 months old and growing in 2-L pots. All measurements were made on five randomly selected seedlings from each elevation and location, for a total of 30 plants.
veins. For each of the five trees from each population of adult trees and common garden seedlings, five leaves were evaluated with five replicates per leaf. Stomatal density was estimated by counting the number of stomata per field at ×400 magnification for five fields. These data were corrected by area and reported values are the number of stomates mm −2 .
Gas exchange measurements
Net photosynthesis (A max ) and leaf conductance to water vapour (g) were measured on adult trees (late January) and common garden seedlings (March) on consecutive days during each measurement period. The number of individual plants selected, as well as the number of repeated-measurements on each plant, was designed to reduce environmental and genetic effects under field and greenhouse conditions. Given the small size of the leaves relative to the size of the leaf chamber of the infrared gas analyser, gas exchange measurements were performed on entire lateral branches containing between four and eight attached leaves, i.e. leaf sets. This methodology was previously used in other physiological studies on closely related Nothofagus (Premoli 1994) . Field data were gathered from sun-exposed leaves at a height of ∼1.5 m on five randomly selected adult trees at each elevation and measurements were repeated consecutively five times to reduce the influence of short-term environmental fluctuations. Common garden measurements were performed on five randomly selected seedlings from each elevation and seedling source (i.e. populations from the Challhuaco Valley, Cerro Otto and Cerro López mountain ranges). Assimilation and conductance were measured under ambient conditions (relatively similar for field and common garden plants) with a portable closed-flow infrared gas analyser system (Li-Cor Inc., Lincoln, NE, Model 6200) that also monitored leaf temperature, chamber humidity and photosynthetic photon flux density (PFD). To control for possible short-term responses to the environment, measurements of A and g were made on consecutive clear days. Ambient air temperature and relative humidity were monitored with a digital thermohygrometer during each set of gas-exchange measurements on a given individual. Air temperature varied between 22 and 24
• C, and relative humidity between 27 and 30%. All measurements were made on cloud-free days under full sun light conditions by noon to avoid influences of changing light levels on photosynthesis. No light response data are available for N. pumilio, but the light saturation point of the closely related Nothofagus dombeyi (Mirb.) Oerst. (also shade intolerant) is achieved at 200 µmol m −2 s −1 (Caldiz 1999) . Although, light environments differed between the field and the greenhouse (see below), we assumed that our measurements represented a reasonable approximation of A max for both field and common garden plants.
Net gas exchange was measured inside a sealed, 0.25-L cuvette. Leaves of both mature trees and seedlings were positioned at their natural height and orientation to the sun. Measurements were initiated within 15 s of placing the leaves in the cuvette, and CO 2 depletion was measured over the next 15-30 s. On completion of each measurement, the cuvette was flushed with air. Fans in the cuvette maintained leaf temperature within approximately ±2
• C of air temperature. The initial concentration of CO 2 in the cuvette was within 5 µL L −1 of ambient CO 2 levels (355 µL L −1 ) and did not decrease more than 25 µL L −1 during the measurement interval. Vapour pressure of air in the chamber was maintained within ±5% of ambient vapour pressure by regulating the amount of flow diverted through the desiccant. After they were measured, leaves were collected and surface area was determined with a scanner and a DOS-based program developed by F. Lema, Atomic Center, Bariloche. Net photosynthesis and conductance were reported on a one-sided leaf area basis.
Soil nutrient concentration
A composite soil sample was collected from the high-elevation population (1540 m) in the Challhuaco Valley. It consisted of five soil subsamples collected at different microsites at a depth of 10-20 cm after removal of organic matter. Samples were airdried and pooled for analysis. Organic carbon was determined by wet digestion by the Walkley-Black method (Nelson and Sommers 1996) and total nitrogen by the regular semi-micro Kjeldahl method using a block digester (Bremner 1996) . These were analysed by the Soil Laboratory at Universidad Nacional del Comahue, Bariloche, which also provided information on soil nutrient content from the low-elevation population at Challhuaco.
Data analysis
Stomatal densities for leaves representing populations from different elevations and growing conditions were compared by one-way ANOVA. Differences with elevation in net photosynthesis (A), stomatal conductance (g) and instantaneous water use efficiency (WUE, calculated as CO 2 assimilated/H 2 O transpired) were analysed according to one-way ANOVA models; each set of field and common garden plants was analysed separately. Possible differences in stomatal density and gas exchange rates among common garden-grown plants from different seedling sources (i.e. mountain ranges) were analysed by factorial two-way ANOVA models, with mountain range and elevation as fixed effects. We also analysed the fixed effects of elevation (low and high) and growing condition (field and common garden) on stomatal density and gas exchange rates by two-way ANOVAs.
Results
Stomata in N. pumilio were present on the abaxial surface only. Stomatal density was significantly different for leaves on trees in the field from different elevations. Trees from high elevation under field conditions had 35% more stomata than low-elevation plants (Table 1 ). In contrast, there was no significant difference in stomatal density for common garden seedlings from different elevations. Although elevation had no effect on common garden plants, differences were significant when samples were pooled for the two-way ANOVA, which yielded significant (P < 0.001) results for both of the fixed effects, elevation (F 1,76 = 16.4) and growing conditions (F 1,76 = 96.0), as well as the interaction between them (F 1,76 = 26.5). As a result, the mean adjusted stomatal densities varied from 155.9 to 199.1 stomata mm −2 for low-and high-elevation plants, respectively. Additionally, the adjusted mean stomatal densities for plants in different growing Assimilation for adult trees growing under field conditions at high elevation was 43% higher than for trees from low elevation. Common garden seedlings showed a similar trend, although the difference of ∼18% was not as great as that observed for adult plants growing in the field (Table 1) . Stomatal conductance in field plants from high elevations was twice as high as that in lower-elevation plants, resulting in significantly lower instantaneous WUE in the high-elevation plants. No significant differences were found for either conductance or WUE for common garden seedlings from low or high elevations.
The combined two-way ANOVA on the effects of seedling origin and elevation on net assimilation for common gardengrown plants yielded a significant effect for elevation (F 1,24 = 6.7, P = 0.02), as well as the interaction between elevation and seedling origin (F 1,74 = 1.3, P = 0.03). Seedling origin had no significant effect on any of the ecophysiological variables measured.
PFD was not significantly different (one-way ANOVA, P > 0.05) within any set of measurements of field or common garden plants. However, light intensity during measurement was significantly greater in the field than in the common garden (F 1,76 = 63.7, P < 0.0001). The average quantum flux density during field measurements was 2006 µmol m −2 s −1 (±1 s.d. 203) and 2152 µmol m −2 s −1 (±151) at low and high elevations, but only 1545 µmol m −2 s −1 (±440) and 1504 µmol m −2 s −1 (±432) during measurements of low-and high-elevation seedlings in the common garden, respectively.
Elevation (low and high) and growing conditions (field v. common garden) had a significant effect on assimilation, stomatal conductance and instantaneous water use efficiency (two-way ANOVA F 1,76 = 39.3, F 1,76 = 27.9 and F 1,76 = 14.5, P < 0.001, respectively). Although the interaction between elevation and growing conditions was significant for assimilation and stomatal conductance (two-way ANOVA P < 0.001), it was not so for instantaneous water use efficiency (two-way ANOVA P = 0.15 ). One possible explanation for the difference in such values between the field and common garden plants may be that field measurements were performed at higher light intensities, whereas common garden plants were acclimated to and measured in a relatively low-light environment. Also, field plants attained higher leaf temperatures (27.0
• C ± 0.4) during measurement than did common garden seedlings (24.9 ± 0.2
• C) (F 1,76 = 13.8, P < 0.001). Furthermore, measurements on field plants were made during midsummer (late January), whereas those on seedlings were made in the late summer (March).
We found marked reductions in soil nutrients at high elevation. Organic carbon and total nitrogen were as low as 2.8% C and 0.1% N at the high-elevation sites, compared with 12.2% C and 0.7% N from the low-elevation sites (M. J. Mazzarino, unpubl. data).
Discussion
Our results suggest that individuals of N. pumilio growing at elevational extremes differ substantially in ecophysiological traits. Plant age, growth and measurement conditions, as well as the interaction between genotype and environmental influences explain the variation in the ecophysiological traits we measured. We found significant differences for all ecophysiological variables we measured between low-and high-elevation plants in field conditions. However, the lack of equivalent differences for traits related to the use of water in the common garden plants suggests environmental (i.e. plasticity) rather than genetic control. In contrast, we found higher assimilation rates for both field and common garden plants from high elevations, suggesting the existence of genetically driven effects on net photosynthesis. Thus, it is possible that developmental differences between adult plants growing in the field and seedlings grown in common garden conditions may be a confounding factor in the interpretation of our results. However, our analyses were conservative because we compared individuals from high and low elevations within each set of plants separately. This approach allowed us to explore combined environmental and genetic effects on field plants and the mostly genetic influences on the common garden-grown seedlings. Also, assimilation rates of common garden plants were affected significantly only by elevation and not by seedling origin (i.e. mountain range). This reinforces data from other studies that indicated that genetic differences are maintained by a steep phenological gradient that results in reproductive isolation and limited gene exchange between nearby populations of N. pumilio along the elevational gradient (Premoli 2003) . Phenological differences, such as a 2-week delay in bud initiation and leaf expansion in high-elevation saplings of N. pumilio, were shown to have a genetic basis as demonstrated in common garden trials (Premoli et al. 2007) . As a result, greater gene flow is maintained among populations at similar elevations rather than among close populations inhabiting different elevational strips within a given location. This marked between-population genetic divergence in N. pumilio is enhanced by distinct selective forces that change with elevation.
Although the number of stomata on leaves of trees in highand low-elevation field conditions was significantly different, this pattern was not conserved in the common garden. Overall, stomatal density was nearly 40% higher at high elevation, corresponding to generally smaller leaves. Although the data presented here suggest environmental control of stomatal density, leaf size seems to be genetically controlled as suggested by a 4-year common garden experiment on N. pumilio, which indicated that high-elevation plants bear smaller leaves (Premoli et al. 2007) . Decreasing leaf size and increasing stomatal density with elevation were found also in a glasshouse experiment on the evergreen rainforest tree, Nothofagus cunninghamii (Hovenden and Vander Schoor 2006) . That study showed that these traits were environmentally controlled in response to irradiance. Other reports in the literature suggest that stomatal density varies highly with elevation (e.g. Woodward 1986; Köerner et al. 1989; Schoettle and Rochelle 2000) . One possible explanation is that stomatal density is sensitive to CO 2 concentration and, for some species, the number of stomata per unit area increases with increasing elevation, as CO 2 partial pressure decreases (Woodward 1987) . Another possible explanation for elevational differences in stomatal density is that rates of leaf expansion may differ between high and low elevations, but no data on the number of stomatal pores/epidermal cells are available for N. pumilio.
Further, stomatal conductance was more than twice as great in the high-v. low-elevation field populations, but differences were not significant in the common garden. This pattern has been reported for other species as well (Köerner and Mayr 1981; Jones 1992) . Several explanations have been offered in the literature. Althoguh vapour pressure tends to decrease with increasing elevation, relative humidity tends to increase because of adiabatic cooling (Nobel 1991; Jones 1992) . Consequently, the vapour pressure deficit tends to decrease with increasing elevation. Further enhancing this influence is that leaves at high elevation tend to be smaller, resulting in leaf temperatures that are typically closer to air temperature via convective cooling influences (Foster and Smith 1986) . In conjunction with greater stomatal density, higher stomatal opening may lead to observed patterns of stomatal conductance at high and low elevations (Nobel 1991; Jones 1992) .
Ecophysiological responses of N. pumilio related to the use of water, such as stomatal conductance, water use efficiency and stomatal density, seem to be plastic given that potential differences measured in the field were eliminated in the common garden. Plasticity is one of the mechanisms by which a species can maximise fitness (Bradshaw 1965) . In particular, phenotypic plasticity should be high for characteristics that are likely to respond to unpredictable changing conditions of the physical environment, especially in plants inhabiting stressful marginal habitats. We expected this to be the case for characteristics of N. pumilio related to the use of water, such as g, WUE, and stomatal density. In our field sites in Andean Patagonia, the climate is a Mediterranean-type where most of the annual precipitation falls in winter as snow and summers are dry because of the presence of a subtropical high-pressure cell in the south-eastern Pacific (Veblen et al. 1996) . Especially, at the Challhuaco field site where we made field measurements and collected seedlings, N. pumilio is at the easternmost and driest part of its range. Given that low moisture availability can lead to premature leaf abscission in N. pumilio (Veblen et al. 1996) , we would predict that phenotypic plasticity in ecophysiological characteristics is advantageous if it allows reduced water loss during critical times. Thus, when water is readily available, variations in stomatal control or leaf conductance via changes in stomatal density would not likely lead to maximising water uptake within the same growing season.
Genetic differentiation is predicted for characteristics adapted to environmental variables that are likely to remain constant during the life cycle of an organism (Cordell et al. 1998) . In the case of N. pumilio, we observed similar trends of increased assimilation rates in field-and common gardengrown plants, suggesting heritable variation that may be related to nitrogen-poor volcanic soils found at high elevations. Corresponding to the critical lack of available organogenic elements in the soil at higher elevation, leaves of N. pumilio at high-elevation sites had higher lignin (26%) than leaves at low-elevation sites (only 15%) (Premoli 2004) . Thus, when insufficient nitrogen is available, greater amounts of carbohydrates may be converted into storable forms (starch and fat) or utilised in secondary metabolism as increased lignin and foliar N (Larcher 1995) . This pattern may be positively related to assimilation rates owing to increased levels of Rubisco and other N-containing constituents of the photosynthetic apparatus (e.g. Wong 1979; Field and Mooney 1986; Evans 1989 ) at higher elevations. Slow-growing species may accumulate considerable amounts of secondary compounds such as lignin and phenolics (Mooney and Gulmon 1982) and this also may be the case for individuals of N. pumilio growing at high elevation.
Other studies have reported higher rates of net photosynthesis in glasshouse-grown saplings from high elevations. For example, in the evergreen N. cunninghamii, higher assimilation rates were positively correlated with stomatal density and conductance (Hovenden and Brodribb 2000) . This is a cool temperate rainforest species from Tasmania that can keep its stomata open under relative cell water content deficits of up to 85% (Read 1985) . Therefore, drought tolerance in this species may be attributed to a tight link between leaf biochemistry and leaf morphology. A report by Oleksyn et al. (1998) showed that increased assimilation rates and higher nitrogen content in needles of Picea abies from high elevation, grown in a common garden, was correlated with proportionally higher drymass partitioning to roots. As in these other studies, there is a strong association between genetically based morphological and functional traits in N. pumilio at contrasting elevations. In a companion paper, Premoli et al. (2007) reported a significant decrease in annual shoot growth and leaf size, but an increase in branching probability along with wide shoot angles (from the vertical) for high-elevation 4-year-old greenhouse-grown saplings. Increasing the availability of carbon by increasing assimilation rates at high elevation does not necessarily translate into bigger plants. Instead, N. pumilio may differ in wholeplant architecture and leaf structure, such as smaller leaf size with high lignin content. As such, these leaves also can be considered as sun leaves (Givnish 1987) , a growth form that is also associated with thick leaves and increased photosynthesis rates per unit area (Boardman 1977) . Therefore, the observed morphology of N. pumilio could be the result of divergent selective forces (e.g. temperature, light environment) along elevational gradients, and not to any particular physiological limitations related to carbon acquisition. This interpretation may support the hypothesis that treeline formation results from sink limitations in treeline species (Köerner 1998; Hoch et al. 2002) , which, in N. pumilio, may be related to nitrogen deficiencies in the soil and the influence of low temperatures and a shortened growing season on cell and tissue formation.
In summary, ecophysiological traits in plants inhabiting elevational gradients may show complex adaptive responses, combining genetic differences with important influences resulting from phenotypic plasticity. This enhances the potential of widespread species to adapt to changing environmental conditions along such variable gradients.
